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Abstract 
Extended end-plate connections incorporating eight tension region bolts 
. 
arranged in four rows are · examined. Research was undertaken to verify 
existing design methods incorporating large-SJ.Zed beams and heavy material (50 
/ \ 
' 
ksi steel), to establish valrdity of a simplified model, and to examine effects of 
• 
partially pre-stressed bolting. 
Theoretical analysis consisted of modeling the end-plate connection as an 
assemblage of "dummy" rigid beam elements and line-type bending members. 
The "dummy" rigid members were used to maintain proper connection geometry 
with respect to the connected beam and column. Line-type bending members 
simulated tributary plate regions by incorporating strength and stiffness 
properties of the corresponding tributary plate ar~as. Analyses of the resulting 
structural assemblage were performed using a basic structural analysis 
program STRUCTR. 
Discussions of previous and current end-plate connection design 
procedures are included. Model/test comparisons are presented and results 
compared to existing procedures. Existing design methods prove to be adequate 
for the large-sized connections tested. Results show that partially (half) pre-
stressed bolting has little effect on the overall connection behavior. Theoretical 
analyses prove to . represent strength characteristics rather well; however, 
stiffness predictions are unconservative. Recommendations include 
incorporation of partially tight bolting into current procedures, and the 
consideration of prying forces into bolt design. 
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Introduction 
1.1 Purpose and Scope 
The extended end-plate connection is commonly used in construction as a 
moment-resistant joint. A number of possible bolting schemes are shown in Fig. 
A-1. Important factors that influence behavior include end-plate thickness, bolt 
strength and placement, prying forces developed by end-plate and column flange 
,d!' 
bending, and the effects of column flange stiffeners on connection behavior.Like 
most beam-to-column connections, there are many advantages and 
disadvantages associated with end-plate connections. 
Major advantages: 
1. The connection is moment-resistant and exhibits a high stiffness. 
2:A.11 welding can be done in shop; no field welding is required. 
3. End-plate connections require field bolting only; therefore, the 
erection process is faster ~an most moment-resistant connections. 
4. One piece constitutes the entire connection. 
Major disadvantages: 
1. Due to squareness of fit and large amount of welding 
requirements, shop time is increased as opposed to other 
connection types. 
2. Lack of fit and squareness can be a problem during erection if 
columns are not within close tolerances. 
3. Due to the highly non-linear and indeterminate configuration 
design using basic structural theory is difficult. 
The research described in this report was coll}-pleted to add to the overall 
knowledge of end-plate connection behavior.'! There have been many end-plate 
1 
2 
i I. 
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connection tests_, done in the past; . however, due to the importance and 
complexity of beam-to-column connections, there is a further need to examine 
~ J. . ... different aspects. The configuration examined during this research is shown in 
I 
I 
Fig. A-1-b. The objectives of the research which was conducted at the Fritz 
Engineering Laboratory of Lehigh University were the following: 
• To add to the existing data base of end plate connections and to 
verify current design procedures with experimentation. 
• To examine the behavior of partially pre-tensioned, or snug, bolts 
when used in tension connections. >< 
• Test large-sized connections made up of50 ksi detail material. 
• To prepare a base for future research of semi-rigid connections. 
• To verify a new modelling technique. 
Current design procedure allows the use of partially tightened, or snug, 
bolting in non friction-type bearing connections. However, bolts must be fully 
pre-tensioned for any connection that forces the bolts to act predominantly in 
tension. For connections loaded in tension, snug bolting may have adverse 
effects if unsymmetric force paths that pass through the bolts cause over-
stressing of a particular bolt or bolt group. This may lead to a possible 
"unbuttoning" effect at extreme loads. Rotational stiffness may also be 
decreased with the use of a snug bolting scheme. However, plate deformation 
may play a role in some redistribution of the unsym.metric force paths and the 
connection stiffness of a snug-tightened end-:plate connection may be adequate 
? 
for many cases. 
The definition of snug bolting used for this research, is the extent to which 
the bolts must be tightened in order to achieve surface contact between the 
' 
connected elements. A second definition for snug is the pre-tension that one 
3 
• 
•• 
man can achieve with an ordinary spud wrench. Pre-tensioning of bolts that are 
greater than 3/4" to 1" in diameter often requires the use of heavy equipment 
and more than one person to perform tightening. Snug bolting requires much 
les~·effort during the erection process; therefore time and mon/y can be saved. 
. 
~ 
Current .design procedure for end-plate connections presented in AISC's 
.Allowable Stress Design (AISC, 1980) and Load & Resistance Factor Design 
(AISC, 1986) manuals is based on in-depth finite element analyses and a step-
by-step procedure is presented. The procedure has been verified and seems to 
be accurate for the specific condition studied. . However, it coptains many 
multiplication coefficients and formulas that are not easily understood, and the 
method must be used for the specific condition studied. (An extended end-plate 
of the type shown in Fig. A-1-a connected to a rigid column) This research 
attempts to yield insight to derive a more simplified and easy to understand 
analysis method that can be used not only for the end-plate connection, but for 
·, 
other connection types as well. 
Connections are modelled as a subassemblage of dummy beam members 
that represent strength and stiffness of various connection components. The 
model is highly simplified when compared to an "infinitesimal" finite ele;ment 
analysis, and can be incorporated into any basic structural analysis package. 
The technique was presented by Driscoll (1987) and used by Fleischman (1988) 
to represent the behavior of a top-and-seat connection. Development of this type 
of model allows the researcher to reduce the number of members and degrees of 
freed,om of conventional finite element analysis. Such a model greatly reduces 
computer time and costs, and gives future researchers an added tool to predict 
connection behavior. The research is not trying to replace conventional finite 
element analysis, but is simply taking a,piff erent approach to the problem. 
r 
• 
·,, 
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1.2 Historical Backgi-011nd 
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'. 
The extended end-plate connection has been used in the past as a 
moment-resistant type connection. A large amount of research has already been 
done in the area of end plate connections and a number of analysis techniques 
have been proposed (Agerskov, 1976, Fisher and Stroik; 1974,· Grundy et al., 
1980, Krishnamurthy, 1978, Mann and Morris, 1979, Murray and K11kreti, 
1988, Packer and Morris, 1977). The three major a~alysis technique~ are 1) 
statics (tee-stub analogy or prying force method), 2) yield line theory, and 3) 
finite element methodology. 
1.2.1 Tee-Stub Analogy 
The tee-stub analogy, or prying force method, assumes that the tension 
region of the extended end-plate connection acts as a tee-hanger with a 
concentrated prying force located at the outer edge of the tee-flange. The 
outstanding leg of the end-plate is assumed to be loaded with the prying force Q, 
· the bolt force T, and 1/2 of the beam flange force F. The resulting bending 
moment diagram is used to predict the maximum plate moment, which is 
defined as the design moment for the end-plate. (See Fig. A-2) The method was 
first presented in the 7th edition of the AISC Manual of Steel Construction. 
(AISC, 1969) 
The tee-stub analogy usually yields over-conservative results, because the 
bending moment diagram of the flange forces will be linear, assuming that the 
e• 
·· prying force is concentrated. Krishnamurthy argues that the prying forces 
caused by the prying of the outstanding portion of the plate act as a pressure 
bulb between the outer bolt line and the plate edge. Because of the distribution 
of the prying forces, the plate bending moment diagram is considerably~ 
5 
/ 
smoothed out and the peak moments are smaller (Krishnamurthy, 1978) . 
.) 
Another reason that the bending moment diagram is overestimated, is that for 
the tee-stub, the beam tension flaD.ge forces are assumed to be distributed 
equally into each tee flange. In the end-plate connection, however, prying forces 
"are reduced because less of the beam tension flange force is distributed into the 
', 
plate projection, and more is distributed to the plate region between the flanges. 
The reasons for this are twofold: 1) longitudinal beam stresses due to the beam 
moment are transferred to the connected end-plate partly down the beam web, 
and 2) the plate region between beam flanges is much stiffer than the projected 
region because the bea~ web acts as a stiffener:· Consideration of these factors, 
will reduce the plate bending moment otherwise predicted. 
1.2.2 Yield T,ine Theory 
Yield line theory has also been used as an analysis technique to predict 
\ 
end-plate behavior (Packer and Morris, 1977, Mann and Morris, 1979). Analysis 
is based on the assumption that yield mechanisms can form at predicted 
locations. Virtual work theory can then be used to predict the ultimate load 
'that causes a mechanism. This theory provides reasonable results for strength 
considerations if there is enough ductility in· the plate material, and if the 
geometrical configuration is such that a mechanism can actually form. 
Unfortunately, this is not always the case for end-plate connections. 
1.2.3 Finite Element Analysis 
Finite Element modelling seems to be the most popular method in recent 
years because of its accuracy and the progression of computer technology. Given 
the proper boundary conditions and a well defined element mesh, this method of 
analysis can yield very accurate results. The method is very time consum~ng, 
and results can o~n be overwhelming to the researcher because of the large 
6 
,, 
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Development of design procedures has resulted in 
accurate, but complicated equations that restrict the engineer's ability to apply ';. 
his structural intuition. However, because of the accuracy of results, this 
method is represented in the current design codes. 
1.3 References to Pr·evlous Work 
Most recently, research in the area of the end plate connection has been 
completed by Murray and Kukreti (1988). They studied the use of 8-bolt 
· stiffened, extended end-plate connections of the type shown in figure A-1-c. This 
I 
type of configuration requires that an additional stiffener be welded on the 
.. 
extended portion of the plate in order to transfer more of the tensile force to the 
outer row of bolts. The configuration shown here, can be used to develop the full 
moment capacity of most available hot-rolled ·beam sections using a maximum 
bolt diameter of 1-1/2 in. 
Murray and Kukreti used the finite element methodology to study the 
connection behavior. Two-dimensional and three-dimensional finite element 
models were,, <;ieveloped and exhaustive analyses were completed. Eight 
,• . 
connection tests were performed to verify the accuracy of the analyses. A design 
procedure and a brief overview of the work done by Murray and Kukreti are 
•• 
presented in the referenced material. 
Current design proced'iite for the four bolt extended end-plate connection 
/ 
----...... 
adopted by the AISC Steel Const,ruction Manual (AISC, 1980)(Allowable Stress 
Design), and later the Load and Resistance Factor Design Manual of Steel 
Construction (AISC, 1986) was presented by Krishnamurthy in 1978. He, too, 
developed two-dimensional and three-dimensional finite element models to 
7 
,. 
I 
( 
study connection behavior. These models have ·shown that it is adequate to 
choose end-plate thicknesses thinner than that required by the previously used 
prying force formulas. Krishnamurthy derived end-plate bending ,moment 
reduction factors to account for the distributed prying forces and the lower force 
distribution in the plate projection. 
Packer and ·Morris presented a limit state design method for the flush and 
. extended end-plate connection based on yield line theory analyses (Packer and 
Morris, 1977). Analysis was based on the assumption that the tension region of 
the end-plate connection can be represented as an isolated tee-stub. Various 
modes of failure were studied and results were in good agreement with tests 
done on tee-stubs. However, these results were over-conservative when 
extended to end-plate design, which possibly can be explained by 
Krishnamurthy's observations concerning the tee-stub analogy. Tests were 
performed on isolated tee-stubs and end-plates that were approximately 1/2 in. 
thick. The small size of the specimens may have allowed enough deformation to 
accommodate yield line approximations. 
· Grundy also used the yield line theory approach in 1980. He evaluated 
plate behavior using elastic theory for thick end-plates and yield line theory for 
thinner plates. Two connection tests were performed using -~-___ four bolt row 
configuration. He concluded that the plates used in his tests were not flexible 
enough to establish yield lines (Grundy et al., 1980). , r . 
Methods that include the classical tee-stub idealization and influences of 
' prying action on bolt forces have been presented (Agerskov, 1976, Fisher· and 
Struik, 1974, AISC, 1969). 
8 
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1.4 General Review of P1-oblenis and Factors Involved 
Large-scale testing requires much time, money, and access to proper 
facilities. This is the reason that more large-scale testing has not been done in 
" the past. Materials are easy to obtain, but steel costs are ·expensiv~;· when a 
large amount of material is required. Proper fabrication requires employment of 
experienced workers and the use of expensive equipment. A major problem 
involved in the testing of large-sized connections is the fact that a large test 
frame must be available to withstand the extr,,eme forces required to adequately 
/ 
test a connection. Extensive time and effort was requi:r.~d in the design and 
erection of a suitable test frame. 
Theoretical modelling of the extended end-plate connection is a very 
interesting problem. The geometric configuration poses a highly non-linear and 
indeterminate situation. Material non-linearity must be accounted for when 
• portions of the connection begin to yield. Geometric non-linearity is present 
from the onset of loading, because portions of the plate are separating from the 
column flange, while other portions are coming into contact with the column 
flange instantaneously. Portions of the plate are subjected to biaxial bending 
and all bending spans are short, inducing large shearing deformations. Bolts 
have their own elongation characteristics and are subject to bending, shear, and 
tension. Bolt heads restrain plate bending and are of irregular shape. All of 
these factors combined, cause any theoretical analysis to be approximate at best. 
However, j proper assumptions and good engineerin~ judgement are applied, 
theoretical models can yield reasonable results . 
.. 
9 
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1.5 Test P1-ogra111 
~ r· 
"':_,I 
Three full-scale tests of large-sized extended ~nd-plate connections were 
performed. (Specime~s tested were larger in size than most that have been 
tested in the past.) All beams, columns, and detail material consisted of 50 ksi 
steel. 50 ksi detail material was used in order to attain added connection 
st~ength with virtually no additional cost. A propped cantilever single-sided 
test frame was used to simulate an exterior building connection. This type .of 
configuration simulates actual frame behavior more realistically than a simple 
cantilever due. to its restraining effects on beam bending. deformations. Cyclic 
• I 
reversal loading was used for each test. 
Brief descriptions of each test are as follows: 
1. Test 1, named EP1SN:1 
• 1 in. 50 ksi material plate. 
• 1 in. A325 bolts. (4 rows across) 
• Partially pre-stressed bolts. 
• Propped-cantilever configuration. 
2. Test 2, named EPlTITE:2 
• 1 in. 50 ksi material plate. 
• 1 in. A325 bolts. (4 rows across) 
• Fully pre-stressed bolts. 
• Propped-cantilever configuration. 
3. Test 3, named EP3/4TITE 
• 3/4 in. 50 ksi material plate. 
• 1 in. A325 bolts. (4 rows across). 
• Fully pre-stressed bolts. 
1The name EP1SN represents: End-Plate, "1" in. plate, SNug bolts 
2The name EPlTITE represents: End-Plate, "1" in. plate, Tight bolts. etc. 
10 
( 
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• 
• Cantilever configuration . 
. /..' 4. Test 4, named EP3/4SN 
• 3/4 in. 50 ksi material plate. 
• 1 in. A325 bolts. ( 4 rows across) 
• Partially pre-stressed bolts. 
• Cantilever configuration 
1 
. 
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' Ch~pter2 
Specimen Design Considerationf 
. . 
As described in section 1.4 the behavior of an extended end-plate 
' 
I 
connection is difficult to assess. However, given appropriate assumptions the 
task of analysis and design is feasible. In the design of an extended end-plate 
connection, three major components must be addressed: 1) end-plate, 2) bolts, 
. and 3) welds. 
2.1 End-Plate Design Considerations 
As load is applied to an extended end-plate connection, the end-plate is 
subjected to bending and shearing forces and must be designed appropriately. 
Biaxial bending is present throughout the plate material. The extended portion 
of the plate will have biaxial bending due to the ~ature of its attachment to the 
column flange. The plate is attached to the column flange at the bolt locations 
and is free to displace at the unattached points between the bolts causing 
bending to occur across a curved line as shown in Fig. A-3. Bending occurs in 
the area between the bolts about a line that is not perpendicular to the beam 
'\ 
web. However, the primary bending will occur about the beam flange in the 
extended portion of the plate. Between the beam flanges, the plate is obviously 
subjected to biaxial bending due to its attachment to both the beam flange and 
web. The analysis conducted here, as well as most previous analyses, 
approaches the problem by assuming that bending does occur in a straight line 
across the entire plate. 
The plate projection is the critical area of concern, since the plate is 
effectively stiffened by the beam web in the area between the beam flanges. . In 
12 
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classic analysis, .. the plate is usually assumed to act as a beam subjected to 
.. 
bending. The extended portion of the plate essentially bends about the beam 
flange and the bolt line due to beam flange forces, bolt restraining forces, and 
plate prying forces similar to the condition shown in Fig. A-2. The plate is 
traditionally sized to resist the predicted bending moment that the plate will" be 
subject to under the applied forces. 
i' 
2.2 Bolt Desigll Considerations 
The bolts in an end-plate connection are loaded predominantly in tension, 
but bending and shearing forces are also present. Bolt tensile strength will be 
affected .. slightly when both tensile and shearing forces are present. The 
elliptical interaction equation shown below was presented by Fisher and Stroik 
(Fisher and Stroik, 197 4). This equation can be used to represent the behavior 
of high strength bolts subjected to combined tension and shear. 
x2 
--2+y2= 1.0 
0.62 
,, 
h shear stress and __ tensile stress w erex = y 
tensile strength: tensile strength 
For end-plate connection design purposes, shearing effects can usually be 
neglected. As noted previously, the bolts in the end-plate connection are loaded 
mainly in tensiqn and there are usually enough bolts present to distribute the 
shear forces at rather low values for each bolt. For example, consider the case of 
interest: 16 1 in. bolts distribute the shear force of 250 kips. Therefore, the 
shear stress in each bolt is approximately equal to 20 ksi. Then x = 0.222 and 
x1- 2 = 0.128. This leaves a remainder of ..,/1 - 0.128 = 93% tensile capacity and 0.62 
thus the shearing force influence can be neglected. 
13 
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·one must also consider that the bolts must resist an additional amount of 
force due to the prying nature of the plate region extended beyond the bolt line. 
By considering the amount of force that is required to resist the expected 
connection moment and including an additional amount of estimated prying 
force, the number and size of bolts required can be selected. 
• .. 
2.3 Weld Considerations 
The welds of an end-plate connectio;;-1 constitute the continuum between 
the beam end and the plate material. Therefore, the welds must be designed to 
resist the beam's applied bending moment and shearing force. The bending 
forces are assumed to be resisted by the welds adjacent to the beam flanges, 
while the web welds are designed to resist the expected beam reaction, and in 
some cases the full bending strength of the beam web. 
' l 
Due to the large bending moment that must be resisted by the e~d-plate 
connectio;n, beam flange to end-plate welds are usually designed as full 
penetration groove type welds. However, for small beam sections, fillet welds 
applied all around the beam flanges may be appropriate. Because of strain-
/ 
hardening phenomena of the welded region, full penetration type welds are 
assumed to have adequate strength to develop the full moment capacity of the 
attached beam. Web to end-plate welds are sized to resist the expected beam 
reaction since most of the shear force is transferred through the web of an "I" 
' \ 
shaped section. This .type of welding scheme has proven to be adequate in the 
past. 
14 
• 
\_ 
\ 
2.4 Design on the Basis of S1'RUCTR Analyses 
Specimens for the series of tests conducted were all designed with the aid 
of the theoretical STRUCTR analyses described in chapter 3, and the current 
procedures adopted by AISC (AISC, 1980, AISC, 1986). 
.--
The bolting pattern was chosen on the basis of the following 
considerations. For,, a large sized beam section such as the one under 
consideration, large moments can be developed at the connection. One can 
either use a bolting configuration as shown in Fig. A-1-a, or A-1-b.3 For the first 
configuration, bolt sizes must be very large to resist the applied force. Large 
diameter bolts (greater than 1 in. diameter) are very difficult to tighten to the 
specified pretension, and many fabricators may not have the tools that are 
required for such a task. The advantage of this scheme is the reduced number 
of bolts that are required. For the second configuration smaller diameter bolts 
can be incorporated. The smaller sized bolts .that are required are easier to 
tighten, but this configuration simply requires more bolts. Both configurations 
have a~ntages and disadvantages, but the second configuration was chosen 
for two reasons. First, the smaller diameter bolts are easier to tighten, and 
second, this configuration has never been tested in the United States but is 
implicitly allowed by the current AISC procedures. 
AISC's Manual For Steel Construction recommends a maximum plate 
width of 1.15 times the width of . the connected beam flange. On this 
recom.mendat~on, a plate of 11.5 inches wide was chosen. Due to the constrained 
8The configuration shown in Fig. A-1-c requires additional fabrication and is not considered 
here. This configuration does allow resistance of the plastic moment of most ava~lable rolled 
sections, .and is presented by Murray and Kukreti (1988). 
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width available in which to place a row of bolts, the maximum d,.iameter bolt 
I 
that can be placed into a row of four across in order to satisfy all edge distance 
and spacing requirements 'is one inch. Incorporating 1 in. bolts and a plate 
width of 11.5 in., a number of STRUCTR analyses were .executed, and the 
optimum plate size of 1 in. was selected. 
~-·" C rrent procedures (AISC, 1980, AISC, 1986) suggest to design web welds "'-,, , 
,·,"-./ 
to carry the full bending strength of the web, and this often requires large 
welds. The tests reported here were fabricated with a web weld sized to carry 
only the expected vertical reaction force of the connection. Designing the web 
weld on the basis of shear alone, is adequa~ for the following two reasons. 
First, weld capacity perpendicular to the web is believed to have nearly 50% 
reserve strength because of the large factors of safety incorporated to weld 
design. Second, as mentioned previously, the full bending capacity can be 
assumed to be resisted by the beam flange welds. Full penetration groove-type 
welds with 1/4 in. backing plates were used for beam flange to end-plate welds. 
A weld of 5/16 in.4 was chosen for the web weld to resist the predicted ! 
I 
maximum beam shear. 
The conne~tion details are shown in Fig. A-4. 
' 
' \ 41n order to resist the full bending strength of the web, a weld of 1/2 in. is required. 
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Chapter3 
Theoretical Analysis 
A major objective of this research program is to develop a model that will 
be able to predict a connection's behavior on a global basis. The methodology is 
basically that of fmite element analysis, only on much less infinitesimal scale. 
Beam and column members are represented by one-dimensional line-type 
bending members. Connections are modelled as an assemblage of line-type 
bending members connected to the beam and column with dummy rigid 
members to retain the concept of plane-sections-remain plane, and to place the 
connection components in their proper coordinate.· geometry. The entire 
. 
assemblage of the beam and column members, and the connection components 
constitutes the structural model. Theoretical analysis was performed using 
STRUCTR, a structural analysis package developed by Driscoll and students at 
Lehigh University. (Driscoll, 1981) 
One of the major problems involved with modelling of a connection, is how 
to capture its behavior in the non-linear range. An assumption is made that 
certain connection components will form plastic hinges and then deform as an 
elastic-perfectly-plastic material at the same time that the rest of the connection 
exhibits perfectly elastic behavior. This concept is known as "contained pla~tic 
flow" and is commonly used in plastic analysis theory. If this assumption is 
adequate, then behavior in the non-linear range can be modelled using a very 
simple concept, described briefly in fhe next section. (An in-depth explanation 
of the concept is reported by Driscoll (1987).) 
,"\ / ) .-. 
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3.1 Concept 
Elastic analyses are performed in a step-by..:step cumulative procedure. 
After a model has been selected, a capacity file that includes the plastic bending 
moments of each member is constructed. The limiting values are stored in a 
binary ftle in the same sequence th~t the resultant force array of the elastic 
structural analysis is stored, so that comparisons can be made. A "unit" load 
value is applied at the desired location on the model and a structural analysis is 
executed. Each value of· the resulting force array is compared to its 
corresponding capacity by a program called STEP, and the position of the value 
that requires the least amount of additional load to reach its capacity from its 
cumulative state is chosen as the next plastic hinge. The force array is then 
scaled to values that would. be present at the time of hinge formation, and is 
stored as the cumulative result. The structural model is then modified, by 
· placing a "hinge" at the location of the plastic . hinge, and the next step is_ 
executed. The process is continued in a step-by-step fashion, until the user 
detects a failure mechanism in the model. 
In more basic terms, the concept is essentially a series of structural 
analyses, each containing an additional hinge where a member end has reached 
its plastic mo:rµent capacity. The initial model has a given stiffness, and its 
response will be linear until plasticity occurs in a particular region. At this 
point, the structure becomes less stiff due to the perfectly-plastic deformation of 
the plastified region. The perfectly-plastic deformation is modeled by including 
a hinge at the particular location. The "new" structure will exhibit a lower 
stiffness, and response is analyzed from the point of the previous hinge 
formation. Successive analyses are executed and the structure becomes less 
stiff each step, exhibiting the contained plastic flow concept. 
~ 
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3.1.1 Plate Representation 
Using the described approach, the end-plate area was broken into 
"tributary areas" that were simulated by the above mentioned line-type bending 
members. Outstanding portions of the end-plate were simulated as beam 
; 
elements of rectangular cross-section dime~sioned as the actual plate material. 
The region of the plate between the beam flanges was modelled using a grid 
framework of beam members. The vertical members incorporate the. plate's 
properties of bending around an axis perpendicular to the beam web, and 
horizontal members included those properties ·of bending around an axis 
parallel to the beam web. 
" 
Prying action in the extended region of the end-plate was modelled by 
allowing a member to extend beyond the bolt line bearing against a rigid 
"separator" beam. This member was attached to the bolt element with a hinge, 
so that rotation was unconstrained and prying forces could be developed at the 
member's end. However, the elements used to model the plate region between 
the beam flanges were attached to the bolts rigidly. The rigid condition was 
iL1posed in this region for the following reasons: 1) To model the high bolt 
clamping force, and 2) Because prying forces aren't dominant in this region. 
~ 
Members were. assembled l,into a 3-dimensional space frame 
subassemblage. Only half of the connection was modelled, because of the 
symmetric geometry about the beam web. The model subassemblage used to 
represent the end-plate connection is shown in Fig. A-5. 
I 
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3.1.2 Bolt Representation 
Bolts were modelled as single elements connecting the column to the end- . 
plate material at the proper coordinate geometry. Prestress effects were 
· modelled by giving the bolt elements rigid properties until the applied prestress 
force in the bolts is overcome .. This maintains the plate/column flange "contact" 
until the bolt pre-stress is overcome. When the force in the bolt members 
reached the prestress value, the bolts were given their actual properties in order 
to more realistically represent the displacement after plate separation occurs .. 
This action is very easily implemented into the analysis, using the ·capacity 
array described earlier. The maximum capacity of the bolts axial force is simply 
set to the applied pre-stress value, and the· STEP program signals when the 
value is reached. Instead of changing a member end to a hinge, the bolt 
member's material properties are changed from dummy rigid properties to their 
actual properties. 
~ 3.2 AssUD1ptions and Lim.itations 
The step-by-step analysis described was originally developed for the top-
... 
and-seat angle connection type, which ,exhibits a more line-type behavior. 
However, with proper assumptio~as the concept should be adequate for any 
connection type that can be represented as an assemblage of line-type bending 
members. 
·Major assumptions include: 
1. Plate bending can be approximated as beam bending. 
2. There is enough ductility to allow for plastic hinge rotation. 
3. Plate regions bend across their respective tributary area 
boundaries. (ie. Bending is about a straight line across the entire 
area.) 
··,. 
4. Material exhibits elastic-perfectly-plastic behavior. 
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Limitations of the model: 
1. Step-by-step procedure requires a number of similar runs to be 
executed. 
2. Plate/column flange contact is constrained to- initial member 
locations. 
3. Finite-element mesh is very crude. 
4. Bolt head restraining effects are neglected. 
5. Boundary conditions and plate contact/separation throughout 
loading is always approximated regardless of approach i.e. statics, 
finite element (as we do), or conventional F.E. 
3.3 Computer Usage 
,, 
All of the analysis was done using Driscoll's STRUCTR program and a 
num~er of small FORTRAN programs developed to manipulate the structural 
force output as described previously. STRUCTR is a basic structural analysis 
program based on the direct stiffness method, with the exception that it allows 
the user the option to output the required information from the structural 
analyses on files in a binary form. Programming and execution was done on the 
Lehigh University Computing Center's Cyber mainframe computer. 
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Chapter4 
Description of Tests 
The testing program was developed in order to examine behavior of the 
extended end-plate connection, and the top-and-seat angle connection used to 
connect a large-sized beam to a column. The top-and-seat angle phase of the 
program are reported elsewhere (Fleischman, 1988). As stated earlier in this 
~. 
? 
\ 
report, previous testing has lacked inforn1ation involving large-sized beam 
sections. A W27 X 94 beam section, and a W14 X 193 column section were 
chosen. All material was ASTM grade 50 ksi steel. ASTM specified A325 bolts 
were used in all end-plate connection tests. (A490 bolts were not included 
because of their lack of ductility.) A pattern with eight 1" bolts placed in four 
rows across the tension region of the end-plate was chosen. (see Fig. A-1-b) 
This type of configuration_h,~s,,,,, ever been tested in the United States; however, 
'· . 
similar patterns have been tested in Denmark (Agerskov, 1976), and Australia 
(Grundy et al., 1980). 
4.1 Detail material 
50 ksi detail material is not widely used in construction today, primarily 
because fabrication shops don't have it in stock, and it is more difficult to work 
with than conventional 36 ksi steel. However, by using a higher grade steel, 
connections can exhibit a higher strength and stiffness without affecting their 
cost. 
22 
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4.2 Test P1-ocedures 
· Each test followed .basically the same procedures. A force-controlled 
loading philosophy was incorporated until the specimen was loaded into the 
inelastic range at which point the control was switched to a displacement 
. 
approach. Yielding of structural components allows large displacements to 
occur for small increases in load value. A force-controlled loading arrangement 
causes displacements to "run away" because the yielded structure's resistance 
cannot maintain equilibrium with the load value as the load is increased. In a' 
force-controlled environment, a particular load value determines a load step, c,. 
and in a displacement-controlled environment a p¢cular displacement defines 
a load step. 
Instrumentation included manual dial indicators, linear strain gages, 
linear variable displacement transformers (LVDTs), a load cell, and 2 Sperry 
tiltmeters. Force-s throughout the test frame were monitored by the strain 
gages. LVDTs were placed at strategic locations on the test frame and 
connection to ·monitor displacements throughout the frame and connection. 
Data acquisition was performed by a MEGADAC data acquisition system. 
Important measurements obtained from the instrumentation include: 
• Beam bending moment diagrams. 
• Load value. 
• Load point displacement. 
• Stiffness characteristics of the connection (connection rotation). The 
connection rotation was measured in two ways: 
1. Connection rotation is defmed as the relative displacement of 
the top and bottom beam flanges divided by the "d~pth of the 
beam as shown in Fig. A-6-a. · --
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2. Connection rotation is defined as the difference between two 
Sperry rotation gages placed as shown in Fig. A-6-b. 
\ 
q> = 81 • 82 . I \1 
Specimens were loaded with a number of cycles until connection failure 
occurred, or as in the case of EP1SN, excessive column web panel zone yielding 
controlled. . T:J loading was static in nature, and a number of load steps 
constitute ---/a,,., cycle. A typical cycle consisted of anywhere from 20 to 40 load 
·steps d pending on the conditions at the time. The pilot test, EP1SN, included 
many lo~ steps taken in relatively small increments. This was done in order to 
determine critical loads, and to test the reliability of the restraining frame. 
After the general behavior was established, larger increments of load were used 
in the elastic range and the number of load steps were greatly reduced for a 
particular cycle. (The first test included over 250 load steps, while the last test 
included only 95 load steps) 
Each load step required approximately 4 tQ, 5 minutes to complete. The 
\ 
specimens were loaded to a specific lo.ad (or displacement), and while the load . 
(or displacement) was held constant, all the sensor information was acquired by 
use of the MEGADAC and manual gage readings were recorded. When this was 
' . 
completed, the next load step was performed. Maximum loads for each cycle 
were incremented approximately by 25% of the structural yield load load in 
order to see development of plasticity in the connecting elements. 
number of cycles were attempted in the non-linear range. 
24 
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4.3 Test Frame 
·J(·· y .- ii 
.. ' 
, 
A propped-cantilever test frame with a beam span approximately 19 ft. in 
length, and a column sec~ion approximately 10 ft. in height, was designed to be 
' . 
used for a number of tests in succession. (See Fig. A-7) Column sections were 
drilled for a number of bolt configurations, in order to minimize the fabrication 
time of succeeding tests. A given column section, was able to be used for at least 
four tests. Hole patterns for the connections were drilled on either side of the 
column at two different locations. If the column flanges were damaged during a 
particular test, the column could simply be turned around and/or flipped over_ to 
be ready for the next test. The end prop was fabricated to allow the beam end to 
displace freely approximately 3/4" in order to attain a higher moment at the 
. 
connected end, ·to reduce moment gradient and deformation problems within the 
span, and to simulate a longer span. A somewhat similar method was used by 
Patrick (1986) to simulate beam end rotation of a simple beam span of differing 
lengths. 
The propped-cantilever configuration was chosen in order to more 
realistically predict connection response within an actual structure. Previous 
testing has almost always employed the cruciform type setup shown in Fig. A-8. 
This type of apparatus can be used to generate moment-rotation characteristics 
and to determine the- strength of a particular connection, but the ultimate goal 
desired from testing of connections is to determine their behavior within a 
structural frame. Jenkins and Prescott (1986) state that connections can exhibit 
a higher stiffness and show a reduced "fall off" tendency, within a structural 
frame as compared with results obtained from laboratory testing. This effect 
may be due to the restraining nature of the frame against the longitudinal in-
plane displacements developed in connection rotations. 
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A propped-cantilever is by no means a structural frame, but more realistic 
bending distortions of the connected elements are definitely achieved. The 
"restraining nature" of the beam section may have an effect on the connection 
response. This type of configuration can be used to simulate an exterior type 
building connection with an interior span doubly loaded as shown in Fig. A-9. 
4.4 Bolt Monitoring 
For each test, bolts were strain gaged in order to haye an indicatwn of the I , \~ 
amount of force carried by each bolt. Strain gages were placed near the head of 
the bolt on either side, and a number of bolts were calibrated both in pure 
tension and in torque-tension. (Results showed that up to the specified pre-
tension requirement of 51 kips, there is very little discrepancy in the strain 
behavior between pure tension, and torque-tension calibrations. See Fig. A-10) ,,, 
Forces in each bolt were monitored by the ATLSS data acquisition system 
MEGADAC as they were tightened. This gave an accurate indication of the 
actual amount of pre-tension acquired. Bolts were placed in the connection with 
the strain gages oriented so that an approximation of the restraining moment 
induced by the bolts in the plane of the maximum bending could be captured as 
the connection was loaded. 
4.5 Test Sequence and Description 
Four full-scale end-plate connection tests were incorporated into this 
phase of testing. All connections tested had the same bolt pattern as shown in 
Fig. A-1-b. Parameters that were varied included the amount of bolt pre-stress 
and end-plate thickness. 
The first end-plate connection test, named EP1SN, consisted of a 1 in~ 
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end-plate, · welded to the beam end and attached to the column flange with 
partially pre-stressed bolts. The bolts were tightened until the end-plate was in 
full surface contact with the column flange. The resulting bolt forces were 
approximately 50% of the specified pre-tension. Th~~~nnection was loaded in a 
~ 
cyclic fashion for eight cycles. On the last cycle the end prop was removed and 
the connection was loaded as a pure cantilever because of local flange buckling 
,: 
of the beam at -the point under the load. The test was terminated before the 
connection failed, because of excessive column panel zone deforn1ation. Further 
tests were conducted with a reinforced column to alleviate this problem. 
The second end-plate connection test, named EPITITE, consisted of a 1 
inch end-plate welded to the beam end and attached to the column flange with 
fully pre-stressed bolts. The bolts were tensioned to the required 51 kips. A 
total of six cycles were completed, the final cycle being loaded in a cantilever 
fashion. The frame and connection were monitored almost exactly as in the 
previous test. 
The third end-plate connection test, named EP3/4TITE, consisted of a 3/4 
inch end-plate welded to the beam end and attached to the column flange with 
fully pre-stressed bolts. A total of 6 cycles were completed, using only a 
cantilever setup. Much of the instrumentation for the test frame used on the 
previous two tests was not used, because the lower connection strength 
demanded less restraining force, and the test frame· monitoring was not 
ff 
required. 
,. The last end-plate connection test, named EP3/4SN, was identical to the 
preceeding test with the exception that the bolts were tightened to 50% of the 
specified pre-tension. 27 
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Paranieters compared within the four tests include end-plate thickness, 
and the effects of snug/tight bolts. All four connections were designed in the 
same fashion as described in chapter 2 . 
./ 
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Chapter 5 
Test Results and D.iscussion 
5.1 Stiffness and Strength Characteristics 
The extended end-plate connection is known to exhibit very high stiffness . 
characteristics. Conventionally this type of connection is used to develop -the 
full moment capacity of the beam and to force plastic deformation into the 
connected beam or column section. To attain the full moment capacity of the 
beam under consideration is not feasible due to the large size of the beam and 
the geometrical limits in which to place bolts. However, the connections 
incorporating a 1 inch end-plate did respond in a fairly rigid fashion until the 
connection moment reached approximately 70% MP. 
Moment-rotation characteristics of EPlSN, EPlTITE, and EP3/4TITE are 
shown in figures A-11 and A-12. "Quarter"5 cycles for the larger loads were 
chosen for comparison purposes. 
Figure A-11 shows the beam .end moment plotted as a function of 
, connection rotation based on deflection measurements, while in Fig. A-12 the 
/<·· 
rotation is based on Sperry rotation gage measurements. Both of the curves 
show essentially the same characteristics. The overall response can be very 
closely approximated bi-linearly which lends useful information to existing 
rotational stiffness type step-by-step procedures as presented by Ackroyd 
(Ackroyd, 1979). EP1SN and EPlTITE, the connections incorporating one inch 
5A full cycle consists of: 1) Loading the connection incrementally up to the maximum load value, 
2) Unloading, 3) Loading in the reversed direction up to the maximum load value, and 4) 
Unloading. Step 1 is the described "quarter cycle" 
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end-plates, show a veey similar response to loading, and exhibit almost identical 
linear stiffness characteristics. EP3/4TITE (3/4" end-plate) exhibits a much 
lower linear stiffness, but surprisingly, attained nearl the same ultimate 
strength as the 1 in. end-plate connections. ,, 1.f., 
·•a. 
Failure of the connections occurred in the following modes: 
1. EP1SN, the fi.rst connection tested, was terminated before the 
connection reached an ultimate failure state due to excessive 
column panel zone deformation. · 
2. EPlTITE, the second connection tested, failed through the . 
connecting bolts. On the maximum load, all 8 of the bolts that 
were placed in the tension region (See Fig. A-1-b) fractured at 
exactly the same instant. This is a good indication that the tensile 
forces are distributed evenly throughout the tension bolts at high 
loads, since an unbuttoning type of bolt failure . (bolts fail in 
succession one at a time) was not present. This happened, however 
after the end-plate had been deformed substantially as shown by 
Fig. A-13. 
3. EP3/4TITE, the third connection tested, was loaded to failure in 
both the up and down loading directions. For both loading 
directions, cracks initiated at the toe of the full-penetration groove 
weld, and the base metal of the end-plate was torn causing 
connection failure. However, the plate deformation was 
substantial and a distinct plastic mechanism was present in the 
plate. (See Fig. A-14) The weld was subject to very high 
concentrated bending stresses at the point of crack initiation, due 
to the limited bending span between bolt rows and the beam 
flange. 
4. EP3/4SN, the last connection tested, failed in the same manner as 
EP3/4TITE. 
- 5.2 The Influence of Reversal Loading 
Moment-rotation hysteresis loops for EPlSN are shown in Fig. A-15. (All 
three connection tests exhibited similar responses.) For each specimen 
• 
progressive loops exhibited a continual loss of connection stiffness as shown in 
the figure. The stiffness loss that occurs,'for successive cycles of loading is due to 
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primarily two reasons: 1) Permanent plate deformation, and 2) Permanent bolt 
elongation. 
1. Plate deformation: In its undeformed position, the end-plate is flat \ 
against_ the column flange. When an end-plate connection is loaded ( 
from its original position, the connection deforms elastically and 
rotates with a c~nter of rotation at or near the beam's compression 
flange. However, as the connection is loaded into the non-linear 
r~nge, 'permanent plate deformation as shown in Fig. A-16 results, 
and the connections geometry is changed. When the connection is 
deformed in this manner and the moment is reversed in direction, 
the loading tends to push the permanent deformation back to its 
original "rigid" column base at the same time that the opposite 
beam flange is pulling out. The connection no longer has a solid 
base from which to rotate and the relative top and bottom beam 
flange displacement is increased resulting in a more flexible 
situation. 
2. Bolt Deformation ·During each half cycle consisting of sufficiently 
large moments, the tension bolts are subjected to a force large 
enough to produce pern1anent deformation after the fOnnection is 
unloaded. On successive half cycles of loading, the connection · 
moment .. induces tension into the bolts that now have a permanent 
deformation resulting in a lower pre-stress. This condition results 
. . 
in the bolt's reduced ability to hold the rotation displacement as 
rigidly as in the previous cycle. 
/ 
As a result of the permanent plate and bolt deformation the connection 
will exhibit lower and lower stiffness values each half cycle. A typical scenario 
is as follows: 
.. 
1. The first half cycle of loading that reaches the inelastic range, 
causes permanent plate and/or bolt deformation. 
2. Second half cycle is less stiff due to the softer rotation base of the 
beam end because of the induced pern1anent , plate/bolt 
deformations. 
3. The next half cycle will be even less stiff due to the combined 
effects of a soft connection rotation point base and a less stiff 
restraining bolt pre-strjs~ > 
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5.3 Bolt-Plate Interaction \ 
End-pl~te connection flexibility depends on the interaction_ of plate and 
bolt deformations. Plate bending and bolt elongation are the primary actions 
that contribute to a connection's flexibility. Because the bolt heads must 
maintain compatibility with the plate material as the plate displaces, the bolts 
' 
will be subjected to bending forces. The bending moment that is applied to the 
bolts by the plate depends on its flexibility. A very stiff plate will subject the 
bolts to a smaller moment than will a thin plate simply because a stiff plate will 
not deform as much. 
Initially, as moment is applied to the connection, the plate deforms 
elastically and forces the bolts to carry some bending moment. Plastic hinge 
formation of the plate material will have the affect of increasing bolt moments 
. 
as the plate is allowed to displace more freely. AB the plate begins to yield at 
certain locations, it becomes distorted from its nearly vertical orientation and 
higher bending forces will be induced into the bolts due to the slope of the plate. 
This action is more distinct in the extended ·portion of the end-plate, because of 
the stiffening influence- that the beam web has on the plate region between the 
beam flanges. However, some bending is present in the inner row of bolts. 
5.3.1 End-Plate Plastic Hinge Sequence 
The theoretical analysis predic~d that the end-plate would form plastic 
hinges adjacent to the beam flange at a value of connection moment equal to 
' 
62% MP and at the bolt lines when the connection moment reached a value of 
64% MP. Actual plastic hinge formation that occurred in the end-plates was 
determined from the end-plate deflection measurements. Displacements were 
monitored for each ~t as shown .in Fig. A-17. From the measured 
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displacements, the relative differences of "-bf and "-bl represent the ')>late bending 
deformations, and can be used to define the plastic hinge f orn1ations. 
The displacements of primary.interest are shown in Fig A-17 as L\.1 and L\.2 . 
L\.1 = Ab/- "-bl is a measurement showing the relative· displacement of the plate 
between the beam flange and the bolt line. ~ = fl.Ab/, Abz) is the bending 
displacement of the extended portion of the plate. A sudden increase in L\.1 will 
indicate plastic hinge formation at the beam flange, while a sudden increase in 
L\.2 will indicate plastic hinge forn1ation at the bolt line. Both displacements are 
plotted as a function of %MP in Fig A-18. 
The figure shows a rapid increase of L\.1 at a value of 71% MP indicating 
' 
plastic hinge formation at the beam flange. The plot of L\.2 turns over at a value 
of 78% MP' indicating plastic hinge formation in the plate at the bolt line. The 
sequence of hinge formation agrees with the prediction, although the model 
somewhat under-estimates the load at which the plastic hinges will form. 
Plastic hinge formations that were predicted by the model are compared to the 
() . actual end-plate plastic hinge formations in table A-1. (EPlTITE is used for 
comparison purposes, since the model incorporated a 1 inch end-plate into the 
analysis.) (,, 
5.3.2 Plastic-ffinge lntluences on Bolt Moment 
The first plastic hinge was observed to occur at the beam flange. 
Formation of a plastic hinge adjacent to the beam flange, causes the extended 
portion of the plate to act as a prying member bent about the bolt line between 
the plate edge and the beam flange. When the hinge forn1s, the plate will 
deflect as a binged beam and its vertical slope will decrease. The resulting 
() 
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deviation of the" plate from its vertical orientation will force the bolt head to 
deflect along with the angle :of the plate inducing an increase of bolt moment. 
The second hinge forn1ed at the bolt line, allowing the plate area between 
the beam flange and the bolt line to rotate to a greater extent. This results in 
another marked increase of bolt moments. The influence that plate hinge 
formation has on the bolt moments is shown in Fig. A-19.6 Fig. A-19 shows a 
marked increase in bolt moment at 71% MP indicating the result of the first 
plastic hinge formation. At a value of 78% Mp, the moment increases again 
indicating the effect of the second plastic hinge. 
5.4 Comparison Between Tight vs. Snug Bolting 
As described previously, the two con.nections EP1SN and EP3/4SN were 
bolted to the column with partially tightened "snug" bolts. The bolt pre-stress 
was measured at a value of 50% to 60% of the specified pre-tension requirement 
of 51 kips per bolt. This configuration ~s more accurately defined C as a "half 
tight" configuration. Results show very little difference in the stiffness 
characteristics between the half tighte;ned and fully tightened co.1)-tigurations. 
Figures A-11 and A-20 depict the moment-rotation and load-deflection 
comparisons between the two 1 in. end-plate connection tests 7, while figure A-21 
displays the moment-rotation comparison between the two 3/4 in. end-plate 
6Strain gages were placed on the top and bottom orientation of each bolt. Strain differences 
between the top and bottom gages indicate the amount of bending that is present in the bolts. 
7The two tests were compared using relatively large value~ of loading. However, permanent 
plate deformation did not play a substantial role in the relative stiffnesses of the connections, 
. simply because cycles were chosen for each test that included two successive half cycles loaded in 
the same direction. Therefore, for both connections the end-plate area near the compression 
flange started the cycle with a solid base against the column flange. 
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connection tests. Each figure shows that the effects of partially tightened bolts 
are small. The stiffnesses in the elastic range are measured as the slope of the 
moment-rotation curve in kip-inJradian. Stiffness characteristics of the four 
connections are listed in table A~2. 
5.5 Prying Force Discussion 
Consideration of prying forces that are present in most tension-type 
connections has initiated much research in the past. Prying force formulas have 
been presented in an attempt to quantify the problem (Fisher and Stroik, 1974, 
AISC, 1969). The empirical formulas in the cited material predict a value of a 
prying force. The prying force is then applied.as a point.load at the outer edge. 
of the end-plate. Plate bending moment predictions are obtained using the tee-
stub analogy described in chapter 1, and the predicted moments are used to 
choose an appropriate plate thickness. 
A major drawback of incorporating prying action into analysis, is that the 
actual location of prying forces are distributed in nature. A point loading 
" 
condition is simply not the case and the exact variation of the distributed force 
is unknown. Finite element analyses can give a good indication of the 
distribution of prying forces, bu~ the result is only as good as the initial 
assumptions and limitations of · inelastic type analyses. Therefore, 
experimentation resulting in rule-of-thumb approximations is the most feasible 
method of incorporating prying affects. 
The results of the experiments performed show that prying .,fiaction 
contributes a force of over 20% of· the factored connection moment or beam 
1-,,.---~· , 
flange force. Prying is present mostly in the ex.tended portion of the plate 
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material, however, some prying is also present in the area between· the beam 
flanges. Figure A-22 indicates that for a value of 408 kips of beam flange force, 
that the summation of bolt forces is approximately 520 kips. Therefore, 21.5% 
of the ~~al bolt force is attributable to prying forces. Because of the large 
I \ / '-. , I 
'· --~~ . 
. 
amount of bolt force attributed to prying action, these effects should be 
accounted for in design problems. 
___ .... ____ ' 
The issue of whether bolts should be sized differently is explained by 
Krishnamurthy. It seams only reasonable that the ou~r bolt row will feel a 
. \ 
higher prying force due to the less stiff extended portion of the· end-plate. 
However, the inner row of bolts will carry a larger portion of the applied flange 
force due to the stiffer inner plate region and because some of the tension force 
from the beam is distributed into the beam web. Because the inner row will feel 
more of the "primary" loading and the outer row will feel more of the 
"secondary" prying effects, the increase due to prying action should be 
. 
incorporated into all of the bolts. Figure A-22 shows that the total bolt forces in 
the outer row of bolts is approximately equal to the total force in the inner row · 
of bolts. 
5.6 Model Compari~on t 
Figures A-23 and A-24 show the·. results of the tight bolted connection 
EPlTITE vs. theoretical results obtained from the STRUCTR model for 
moment-rotation and load-deflection respectively. Both of these figures indicate 
that the connection exhibited a more flexible response than that predicted by 
the model. Strength characteristics, however, are relatively accurate. (The 
maximum moment resistance available in the 1 in. end-plate connection was 
/ 
predicted to be over 95% MP; while the actual maximum load obtained in 
EPlTITE was 94% MP.) 
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5.6.1 Discussion of Stiffness Comparison 
The discrepancy between the theoretical predicted stiffness and the actual 
stiffness exhibited by the connection can be explained by a number of reasons .. 
In the theoretical analysis, the end plate was assumed to act as a grid 
framework of beam elements. The grid a~/will usually exhibit an over-stiff 
response when used to model plate behavior because plate bending properties 
•, 
that are spread over the entire plate area are lumped into a single line. For the 
extended portion of the plate, a single beam element is used to: represent the 
entire plate width. This assumption implies that the end-plate deformation is 
the same across the entire width of the plate. This assumption, however, is not 
correct bec~use in actuality the end-plate deforn1ation can vary across the width 
of the plate. The end-plate is attached to the column flange only at the bolt 
- ' 
looations~ and the material between the bolts does not have to deform in the 
same manner as the material at the bolt locations. 
At the bolt locations, the plate must deform only as much as the bolts will 
allow, while the plate area between the bolts is only constrained by the plate 
itself. Deformation actually occurs as shown in Fig. A-25. A cross section (A-A) 
of the plate at the bolt line is constrained by its attachment to the bolt, while a 
cross section (B-B) of the plate between the bolts may deflect more causing .a 
"quilting" effect. This effect was noticed during the loading of the 3/4 in. end-
plate connection EP3/4TITE. Yield lines formed in a vertical orientation 
between the two middle bolts in the top row indicating that the plate material 
was, in fact, "quilting". This action will result in a more flexible situation. 
For the plate region between the beam flanges, a beam grid framework } 37 
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was used to model plate behavior. The attachment at the inner bolt line was 
. ~ 
assumed to be rigid. (See Chapter 3.) However, the real situation is not rigid 
because of bglt- .. deforn1ation. AB the bolt heads bend with the plate material, the 
I • 
' ' I 
I 
attachment is no longer rigid, and a more flexible situation results. The above 
' 
' I 
/ 
considerations are difficult to incorporate into a line type analysis as such, 
without increasing the number of members substantially. · 
Another reason that the model exhibits a stiffer response is due to the 
reduced area in the plate along the bolt lines. A substantial amount of plate 
material is removed in the drilling of bolt holes. Although the plate has reduced 
properties, the bolt heads have a restraining effect on the end plate to help the 
reduced bending stiffness. 
5.6.2 Discussion of Strength Comparison 
Strength characteristics of the connection's behavior ·were predicted 
.:,, 
rather well by the STRUCTR model. Deformation characteristics were 
described in the previous section, and it was observed that a more flexible 
situation occurs in the actual connection. The model assumes that the end-plate 
is bent about the bolt line across its entire width from the onset of loading. This 
is not entirely correct as shown by Fig. A-25. 
Initially, the deformation of the ·plate will exhibit the quilting effect 
described. However, as the end-plate is forced to deflect more and more, the 
"quilting" will be smoothed out and the deflection· of B-B will approach the 
deflection of A-A. The plate, therefore, must ultimately form a hinge across the 
entire plate about the bolt line. At the time of hinge formation the plate is bent 
across its entire width as the model assumes. 
'· 
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The slight under-estimation of the connection moment at which plastic 
binge formation occurs, (See Table A-1) has to do with the actual deforn1ation 
characteristics. AB shown in the previous section, the actual connection is less 
stiff than the model's prediction due to the quilting effect and bolt deformation. 
In the actual connection less rigid constraints are imposed on the deformation of ! 
the plate material. The quilting effect and the deforn1ation of the bolts tends to 
relieve the bending moment in the end-plate at the bolt line and beam flange. 
For a given connection moment, the actual end-plate feels a lower maximum 
moment than the model predicts and plastic hinge .formation will occur at a 
higher connection moment. 
5. 7 Comparisons to Current AISC Design 
One of the objectives of this research was to experimentally verify AISC's 
(AISC, 1980, AISC, 1986) extended end-plate connection design procedures 
when using a configuration as shown in Fig. A-1-b. The procedure consists of a 
set of formulas that can be used to define the required thickness of the plate. 
The plate must be sized to resist a shear force and a moment induced at the 
plates conjunction with the beam flange as a result of the connection moment. 
The plate moment is formulated by applying a correction factor to the moment 
obtained from the tee-stub analogy analysis. The correction {actor is a result of 
regression analyses of dominant parameters that affect the moment applied to 
" 
the plate. A detailed description of the formulation is presented by 
Krishnamurthy (1978). 
The validity of the procedure can be checked by comparison with the 
results obtained from EPl TITE. In order to compare results realistically, all of 
the load factors and resistance factors incorporated into AISC's procedure were 
39 
., 
neglected. By neglecting these factors, the strength predicted by the procedure 
can be obtained. Results show that the strength of the end-plate of EPlTITE 
was overcome at a connection moment of 71 % MP. If this value is used ·as the 
. connection moment in AISC's procedure, neglecting all load and resistance 
factors, the resulting required plate thickness is 1 in. and the required bolt 
diameter is also 1 in. This result, in fact, does verify that the procedure is 
adequate for the configuration under consideration since EPlTITE also 
consisted of a 1 in. end-plate and 1 in. diameter bolts. 
The result also compares exactly to the selection obtained from the 
STRUCTR analysis. This confirms that the model presented in chapter 3 
.. 
exhibits accurate prediction of strength characteristics. 
-...... ~ .. ' , .. 
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Chapter 6 
Conclusions 
• 
~ sim~l~ model composed of line~type bending members used to simulate 
extended end-plate connection response has been presented. Analysis was 
.. ' performed using a basic direct stiffness method matrix analysis program. 
Results show that the model exhibited the ability to reasonably predict the 
connection's strength characteristics, and to defme the location and succession 
of plastic hinge formation in the end-plate. However, due to the highly 
. ,\ . 
indeterminate situation imposed by the extended end-plate connection, the 
analysis was unable to sufficiently predict flexibility characteristics, although 
trends of deforn1ation response are captured by the analysis. 
The model can be modified to simulate virtually any connection type using 
the techniques described in chapter 3. The methodology has alsp been used to 
simulate the characteristics of the top-and-seat angle connection (Driscoll, 1987, 
Fleischman, 1988) and a weak axis moment connection (Heaton,1987). 
Notable observatio11s from the experimental results are listed below. 
1. Current AISC procedures (AISC, 1980, AISC, 1986) for the design 
· of the extended end-plate connection incorporating the bolting 
pattern shown in Fig. A-1-b are experimentally verified. 
2. Reversal loading decreases the connection's stiffness 
characteristics, as shown by the moment-rotation hysteresis loops 
of Fig. A-15. 
3. Connection stiffness is a result of the complex interaction of bolt 
and plate deformation. 
4. Although 50 ksi detail material was used, the end-plate exhibited 
adequate ductility to develop plastic hinges adjacent to the beam 
flange and across the bolt lines. 
" 
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5. "Half tight" bolting has minimal effects on connection behavior. 
6. Considerable prying forces were observed to develop resulting in 
bolt force increases on the order of 20% of the force required to 
maintain connection moment equilibrium. Current AISC end-plate 
connection design procedures do not consider the forces induced by 
prying action. 
7. Web welds showed no observable damage although EPlTITE 
obtained nearly the full plastic moment capacity of the connected 
beam. 
The preceding observations lead to the following conclusions. 
1. A simple line-type model is useful for determining the distribution 
and magnitude of forces within an end-plate connection. However, 
in order to capture stiffness characteristics of the connections 
behavior, the described "quilting" effect and bolt deformation 
characteristics must be incorporated into the analysis. (See 
Chapter 5.) 
2. A reduction of connection stiffness is evident as reversal loads are 
applied. Substantial· losses in connection stiffness occur for 
reversal loads that exceed 50% to 60% of the connection's ultimate 
capacity. 
f 
3. "Half tight" _bolting does not affect connection behavior 
substantially. The snug bolted connections exhibited initial 
stiffnesses that were 85% to 90% of corresponding stiffnesses of the 
tight bolted connections. (See table A-2) 
4. End-plate bending induces large prying forces. Bolts were 
subjected to forces of up to 1.3 times the force required to maintain 
connection moment equilibrium. The magnitude of these forces is 
such that bolts should be designed to r.esist an additional prying 
force component. 
5. Web welds designed to resist only shear exhibit adequate strength . 
• 
Co~sideration of the above observations results in · the following 
\ 
recommendations. 
• Decreases of connection stiffness should be taken into consideration 
for connections that are subjected to reversal loadings. 
• For most applications, the bolts of an extended end-plate connection 
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need only to be tightened to 50% of the pre-stress required by 
current design procedures. 
• Prying effects should be considered in design procedures. The bolts 
. M , 
must resist forces up to 1.3 -J. Md is the expected connection 
' . b 
moment, and db is the depth of the connected beam. . 
• W eh welds should be designed to resist only the reaction force of the 
connected \beam. It is not necessary to provide the additional size 
required to 4evelop the beam web's bending strength. 
\ 
' 
End-plate connections are often considered to be nearly rigid, although 
they do exhibit some flexibility. Future research in this area is needed to define 
f 
analysis methods that can be used to predict the connection's deformation 
characteristics. 
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Appendix A 
Tables and Figures 
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if Plastic Binge Formations 
Location %MP EPlTIT.E %MPSTRUCTR 
Beam Flange 71.0 62.0 
Bolt Line 78.0 64.0 
Table~-1: Theoretical/I'est Plastic Hinge Comparison 
~tiffness Comparisons 
TEST Slope (k-inJrad) 
EP1SN 9.0 * (106) 
EPlTITE 10.12 * (106) 
EP3/4TITE 5.69 * (106) 
EP3/4SN 4.86 * (106) 
Table A-2: Connection Stiffness Comparisons 
• 
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Figure A-1: Extended End-Plate Connection Types 
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Figure A-2: Tee-Stub Analogy Force Distribution 
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Figure A-3: Actual End-Plate Bending Line 
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Figure A-4: End-Plate Connection Detail 
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Figure A-7: Propped Cantilever Test Frame 
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Figure A-8: Cruciform Testing Apparatus 
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Figure A-9: Propped Cantilever Simulation of an Interior Span 
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Figure A-13: EPlTITE End-Plate Deforn1ation 
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Figure A-14: EP3/4TITE End-Plate Deformation 
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Figure A-16: Peri,aanent Plate Deformation as a Result of Yielding 
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Figure A-17: End-Plate Deflectio~ Measurements 
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